Introduction
Dental implant therapy has emerged as a highly successful treatment for the replacement of lost teeth. Further, implant survival rates were reported to be greater than 89 % at 10-15 years following performance of corrective procedures [1] [2] [3] . However, supportive bone around dental implants can be lost, even in cases of successful osseointegration.
Numerous potential causes of implant failure exist, but most researchers agree that peri-implant infection leads to clinical failure in all implant types. During the 6th European Workshop on Periodontology in 2008, it was proposed that the term "peri-implant disease" be used as a "collective term for inflammatory reactions in the tissue surrounding an implant," while peri-implant mucositis be used to describe "the presence of inflammation in the mucosa at an implant with no signs of loss of supporting bone."
Additionally, it was proposed that the term "peri-implantitis" be used to describe an "inflammatory process around an implant, characterized by soft tissue inflammation and loss of supporting bone" 4) . Following 10 years of post-treatment observation, periimplantitis was estimated to occur in 10.7-47.2 % of dental implant patients 5) .
At present, a large majority of commercial dental implants consist of titanium implants, and their surfaces can be modified using several methodologies. However, it is important to note that hydroxyapatite-coated titanium (HA) implants are distinct from reported [8] [9] [10] , an insufficient number of parallel studies have been conducted using HA implants.
Canine and primate models have been used to study mechanisms involved in the development and progression of periimplantitis 11, 12) . In prior animal models, ligatures constructed of cotton or silk were placed around properly integrated implants and adjusted in the submarginal position, which promoted the buildup of plaque around the neck of the implant. Consequently, inflammatory lesions formed rapidly at the ligature sites, and bone loss occurred 13, 14) . The configurations and sizes of ligature-induced peri-implantitis bone defects in dogs appeared to resemble naturally occurring lesions in humans 12) . However, no differences in the implant types were reported following the animal studies [15] [16] [17] [18] . Consequently, Renvert et al. concluded that there was no evidence to suggest that implant surface characteristics have significant effects on the induction of peri-implantitis 19) . Macroscopic and radiographic evaluations have been performed in previous studies [15] [16] [17] . Additionally, histological evaluations were performed in the animal model studies. Further, histomorphometric assessments provide reliable data and can be used to validate radiographic data. However, because of the need for resection, the development and graded progression of periimplantitis in the same individual cannot be observed using this method. As well, the previous studies were not comprehensive with regard to accurate evaluation of the alteration of periimplantitis. Accordingly, it is necessary to develop other mechanisms to define the actual status of peri-implantitis.
Previous studies have established the applicability of multislice computed tomography (MSCT) for preoperative diagnoses in dental implant therapy 20, 21) . Moreover, it is possible to obtain a cross-section of an implant from a multiplanar reconstruction (MPR) image using MSCT. Further, the sagittal plane obtained from an MPR image on the mesiodistal side of the implant was unaffected by metal artifacts in the principle MSCT scan. Hence, this non-invasive inspection method is considered superior to histomorphometry for the chronological evaluation of periimplantitis. Figure 2 . Outline of the current study. One week after ligature placement was considered the baseline (BL). Clinical measurements (mPI, mGI, and PD) were recorded weekly, and radiographs (ゝ) were acquired monthly until 24 weeks after experimental induction of periimplantitis. mPI, modified plaque index; mGI, modified gingival index; PD, probing depth. Figure 1 . A: Photograph and scanning electron micrograph of the HA implant (HAC-EX; Kyocera Medical, Osaka, Japan); B: Photograph and scanning electron micrograph of the AnO implant (POI-EX; Kyocera Medical, Osaka, Japan). The surface of the HA implant is rougher than that of the AnO implant. Hiroki Nakamura et al.: Peri-Implantitis with Differing Surface Titanium Implants Accordingly, in the current study, the development and progression of ligature-induced peri-implantitis surrounding HA implants and non-HA implants in dogs were assessed using macroscopic and original radiographic evaluations.
Materials and Methods Implants
Ten titanium alloy (Ti-6Al-4V) dental implants with two different surfaces were used. Five HA implants (HAC-EX; Kyocera Medical, Osaka, Japan; Fig. 1A ) and five anodic oxidized (AnO) implants (POI-EX; Kyocera Medical, Osaka, Japan; Fig. 1B ) were used. All implants were 8 mm in length and 3.7 mm in diameter, and were sandblasted prior to final modification (Table 1) .
Animals
Five adult female beagle dogs were used. At the beginning of the study, the dogs were 2 years old and weighed an average of 10 kg. All experiments were carried out in accordance with the Guidelines stipulated by the National Institutes of Health (NIH) regarding the care and use of animals for experimental procedures, and in accordance with the Principles of Laboratory Animal Care advocated by the Kyoto University Animal Experiment Committee (R-61-10). All surgical and clinical procedures were performed under general anesthesia. Following administration of 0.025 mg/ kg atropine sulfate, the dogs were anesthetized by intramuscular injection of ketamine hydrochloride (10 mg/kg) and xylazine (1 mg/kg).
Implant surgery and experimental peri-implantitis
The outline of the study is presented in Fig. 2 . The third and fourth premolars (P3, P4) on each side of the mandible were extracted. After two months, full-thickness flaps were elevated on both sides of the mandible, and each dog had one HA implant and one AnO implant inserted into the center of the respective extraction sites. The implants were placed at the bone level, and a cover cap was screwed onto the implants. The flaps were sewn with single interrupted sutures to submerge all implants, and after 2 weeks, the sutures were removed. A plaque control program involving dental sheets with 0.05 % chlorhexidine was maintained during the healing period (once a week). Three months later, a healing-cap (φ4.2 mm × 5 mm) connection was performed. The oral hygiene procedure was stopped after placement of the healing cap, and silk ligature was placed in the submarginal position around the neck of the implants for 24 weeks to induce periimplantitis. To avoid occlusal trauma interference, the feed was soaked in water until the end of the experiment to ensure it was soft prior to feeding.
Macroscopic evaluation
Macroscopic parameters including modified plaque index (mPI), modified gingival index (mGI), and probing depth (PD) were recorded as previously described 22) one week after ligature placement (baseline), and weekly until the end of the experiment.
The PD was recorded using a periodontal probe.
Radiographic evaluation Dental radiography
Standardized periapical radiographs were acquired weekly for 24 weeks after ligature placement using a customized film holder, and were transferred to image analysis software (Photoshop, Adobe, CA, USA) to measure the radiolucent area around the Misch 23) . The region with a corresponding CT value less than 0 Hounsfield Unit (HU) was deemed the hyperpermeability area (black and gray). 
Statistical analysis
Macroscopic and radiographic data were obtained for each implant in each animal, and mean values were calculated (n = 5).
Macroscopic and radiographic data were compared to baseline values using Dunnett's test, and an unpaired t test was used to calculate differences between the HA and AnO implants. A value of P < 0.05 was considered to be significant.
Result

Macroscopic evaluation
Healing after implant placement was unremarkable at all implant sites. Because there were no outliers, monthly data were used in the graphs. Plaque formation during experimental periimplantitis resulted in overt signs of mucosal inflammation around all implants (Fig. 5) . The mean mPI and mGI increased during the experimental period for all implants (Fig. 6A, 6B ). However, the mean PD did not increase significantly for all implants (Fig.   6C ). No statistically significant differences were observed in any macroscopic evaluations of implant surfaces (P > 0.05). Further, no mobility was detected in any of the implants following manual implants. One week after ligature placement was considered the baseline measurement.
Regions of interest (ROI) were defined as the square area (8 mm × 8 mm) surrounding the implant, and were extracted from radiographic images. The radiolucent area was expressed as a percentage (%) of the radiolucent area in the ROI/the ROI minus the area occupied by the implant (Fig. 3) . Two independent examiners assessed all measurements, and the mean value of the two measurements was used for analysis.
Multislice computed tomography
MSCT (Aquilion, Toshiba Medical Systems, Tochigi, Japan) scans were performed monthly for 6 months after ligature placement, and the resulting CT data were incorporated into image editing software (Ziostation, Ziosoft, Tokyo, Japan) to construct MPR images.
The dogs were placed on a bed in the gantry, and the mandible was positioned parallel to the horizontal plane of the CT device.
After obtaining a scanoscope, the field of view was determined at the table and helical scans were produced around the implants Cross-sectional images of the implants were obtained using MPR, and were colored on the basis of the classification established by Misch 23) . Specifically, the MPR image of the sagittal direction parallel to the longitudinal axis of the implant and the lingual wall of the mandible was created to pass through the central portion of the implant (Fig. 4) . The region corresponding to a CT value less than 0 Hounsfield units (HU) was noted as the hyperpermeability area. The images were transferred to image analysis software to measure the hyperpermeability area around the implants. The ROI were established in the same manner as in the dental radiographs. The hyperpermeability area was expressed as a percentage ( ) of the hyperpermeability area in the ROI/the ROI minus the area occupied by the implant.
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Radiographic evaluation
Radiographic images (dental radiography and MSCT) of the ROI for both the HA implants and the AnO implants obtained at the time of ligature placement (baseline), and at 24 weeks after ligature placement are presented in Fig. 7 . 
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Dental radiography
The means of the HA implant radiolucent areas increased significantly after ligature placement (P < 0.05). The radiolucent areas around the AnO implant differed significantly from baseline at 24 weeks (P < 0.05; Fig. 8 ). The means of radiolucent area alterations between baseline and 20 weeks, and between baseline and 24 weeks after ligature placement were 7.84 % ± 2.42 and 11.48 % ± 3.89 % for HA implants, respectively, and 2.10 % ± 4.95 and 4.46 % ± 5.21 for AnO implants, respectively. The differences in radiolucent area alterations between implant surfaces at 20 and 24 weeks were statistically significant (P < 0.05; Table  2 ).
Multislice computed tomography
Data from two-dimensional MSCT were more likely to be affected by individual differences than those from dental radiography; therefore, the standard deviations were high. Although the hyperpermeability area of the HA implant differed significantly from baseline at 4 and 24 weeks (P < 0.05), the mean hyperpermeability area of the AnO implant decreased after 16 weeks. However, no statistically significant differences were observed for the AnO implants during the peri-implantitis induction period (P > 0.05; Fig. 9 ). The mean hyperpermeability area alterations between baseline and 24 weeks was 7.72 % ± 9.16 % for the HA implants, and 2.74 % ± 10.48 % for the AnO implants. The differences in hyperpermeability area alterations between implant surfaces at 24weeks were not statistically significant (P > 0.05; Table 3 ).
Discussion
The current study involved the clinical and radiographic analysis of the development and progression of ligature-induced peri-implantitis surrounding titanium alloy implants with different surface treatments (HA and AnO). During the 24-week active breakdown period following ligature placement, the HA implant appeared to be more susceptible than the AnO implant to periimplantitis. In particular, dental radiography revealed significant differences between the HA and AnO implants.
The same implant and healing-cap sizes were used in the experiment to minimize variance in the study results. Additionally, only one implant was placed on each side of the mandible, which allowed for a sufficient distance from existing teeth. Most prior studies have been performed without considering different implant sizes and distances from existing teeth, notwithstanding the conclusion that all surfaces were equally susceptible to ligature induced peri-implantitis [15] [16] [17] [18] . Thus, previous experimental models are thought to be insufficient for the accurate comparison of individual implants, because of the apparent effects from adjacent teeth and other implants.
In our macroscopic evaluations, mPI, and mGI increased in both implant types during the observation period following ligature placement, which was consistent with the results of a previous study 24) . Nevertheless, the mean PD for both implant surfaces did not increase compared to baseline, which could be attributed to the procedure used for inducing experimental peri-implantitis. In this study, the healing-cap connection and ligature placement were performed simultaneously, and thus it can be concluded that the inflammation and gingival pockets were induced by second-stage surgery. Consequently, the highest mean PD value was noted at baseline.
In this investigation, cross-sectional images of implants were obtained by MPR using MSCT. Some prior studies have indicated that MSCT was not useful for postoperative dental implant therapy diagnoses, because accurate evaluation of the peri-implant bone after implantation was inhibited by metal artifacts in the CT image 25, 26) . However, Schliephake et al. compared measurements of peri-implant defects in the sagittal and coronal planes using MSCT. Their findings indicated that coronal scans were unreliable for the buccal and lingual sides, whereas the sagittal views revealed good correlation with the gold standard 27) . Accordingly, the use of MSCT was substituted for histological evaluation of periimplant bone.
In our radiographic assessments, bone loss around the implant was evaluated according to the area (%) of all radiographic images.
Previous studies have investigated bone loss on radiographic findings by evaluating marginal bone level (MBL) 15, 28) . However, in the current experiment, discontinuous bone loss was detected around the implant area. Further, the bone loss expanded not only from the marginal portion, but also from deep implant surfaces, and thus consideration should be given to the conventional method when evaluating the deep site of the implant.
The HA implant exhibited a significant increase in the radiolucent area after 24 weeks of induced peri-implantitis when compared to the AnO implant. However, some previous reports 352 *Significant difference from baseline (P < 0.05) Hiroki Nakamura et al.: Peri-Implantitis with Differing Surface Titanium Implants performed using similar protocols have indicated that there were no significant differences between HA and non-HA implants in the development and progression of peri-implantitis for 6 months 17, 18) . In fact, in these reports HA implants were associated with a greater degree of bone loss than non-HA implants. A potential explanation for the lack of significant differences identified could be the small sample size. Nonetheless, a more detailed assessment of peri-implantitis was achieved following our original radiographic evaluations, and the influence of periimplantitis induced by the HA implant was more accurately described.
The mean radiolucent areas of the HA and AnO implants increased significantly between baseline and 24 weeks after ligature placement. However, the HA implant exhibited a significant increase in the initial phase of the peri-implantitis induction, while the AnO implant exhibited a significant increase in the last phase (24 weeks after baseline). In addition, the mean hyperpermeability area of the HA implant increased significantly between baseline and 24 weeks after ligature placement, while the mean hyperpermeability area of the AnO implant decreased after 16 weeks. Alterations in the hyperpermeability area during the peri-implantitis induction period were not statistically significant. Our results in this regard differed from those of previous studies. Martins et al. evaluated experimental periimplantitis associated with different commercially available implants (commercially pure titanium, titanium plasma-sprayed, HA, and acid-etched). The macroscopic and radiographic data collected during the initial phase (up to 60 days after ligature placement) revealed rapid and severe peri-implant tissue breakdown in all types of implants 15, 28) . The differences suggest that the AnO implants possess greater resistance to peri-implantitis than the HA implants in experimental situations under similar size and implantation conditions. In this study, our macroscopic results were not consistent with our radiographic results. Prior clinical studies have indicated that PD was deeper in implants that presented with radiographic bone loss compared with implants that had no associated bone loss 29, 30) .
However, at present, no studies have investigated PD of implants with associated peri-implantitis, and thus the relationship between PD and the peri-implant bone level remains speculative. Serino et al. reported that measurements of peri-implantitis associated with prosthetic reconstruction implants generated in situ should be interpreted cautiously with regard to their ability to determine the severity of bone loss at implants 31) . Qualitatively, radiographic evaluation revealed that PD tended to be proportional to MBL, because the probe tip penetrated to a position closer to the alveolar bone crest in sites with peri-implant disease 32, 33) . However, no relationship existed between macroscopic and radiographic evaluations in this experiment, because the bone loss appeared around the deep site of the implant, and was not detectable using a periodontal probe. Consequently, bone loss was only assessed using radiography. The results of the current study emphasized the importance of radiographic analysis, and suggested that the conventional assessment of bone loss should be reconsidered.
A limitation of this study included the use of plaque-induced peri-implantitis without occlusion to simplify the evaluation.
However, occlusal overload may lead to bone loss in the presence of dental plaque 34, 35) . This model was not suitable for the evaluation of the influence of clinical occlusion on development of periimplantitis. Furthermore, the results should be interpreted cautiously due to the small sample size, the short evaluation period, and impossibility of the histological evaluation.
In the current study, the HA implant exhibited larger radiolucent and hyperpermeability areas over the course of the study than the AnO implant. Additionally, the progression of bone loss associated with the HA implant appeared around the deep site of the implant, which was in contrast to the localized bone loss apparent with the AnO implant.
Our original evaluations, which assessed bone loss according to the area (%) of all radiographic images, were effective for comparing the development and graded progression of periimplantitis between the implant types in the same individual.
Further, our results indicate that the resistance of the HA implant to peri-implantitis is inferior to that of the AnO implant.
